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By William Gracey
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R a

For my part in this discussion, I would like to talk about some of the
methods that have been used to evaluate vertical separation standards. As
shown in Figure 1, these methods include the vertical separation-loss method
used by ICAO and IATA, the collision probability method, an error summation
method, and the flight operatiocnal method used by TATA over the North Atlanﬁic.
As a background for this discussion, I would like first to define the errors
that must be considered in the application of these methods; I would then like
to indicate what we know of the magnitudes of these errors for the altitude
range of 30,000 to 40,000 feet.

Figure 2 shows that the amount by which the cruise flight level of an air-
Plane is displaced from its assigned altitude is due to the system error, which
is the combined value of the instrument error and the static-pressure error.
The static-pressure error is made up of a fixed error (which is the error that
applies to a given type of aircraft, that is, the value in the flight manual )
and a variable error (which is the difference between the actual error of an
individual airplane and the value in the flight manual). The flight technical
error is a measure of the random deviations of the alrplane about its cruise
flight level and the sum of this and the system error is the overall altimetry
error.

The magnitude of the instrument error can vary, depending on the type of
altimeter and on whether a correction is applied for the scale error. The
fixed static-pressure error can also be corrected, either manually or by com-

puter, and the value of the residual error will depend on which method is used.
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The variable static-pressure error is generally not known and so cannot be cor-
récted. The magnitude of the flight technical error will depend, for the most
part, on whether the airplane is flown manually or by autopilot.

In considering these errors with respect to an assigned altitude separa-
tion, we first need a measure of the overall altimetry error that would be
representative of all of the aircraft that might operate within a common alti-
tude range. We then need to know how these errors should be combined for air-
craf% flying adjacent flight levels. Because of the difficulty of determining
the oversall altimetry errors of a large number of aircraft under routine oper-
ating conditions, an attempt was first made by ICAO to determine the magnitude
of the individual errors and then to comblne them by statistical procedures.

Figure 3 shows the values that were assigned to the individual errors by
ICAO for an altitude of 40,000 feet (refs. 1 and 2). Each of the errors 1s
assumed to have normal distribution and to have a value of 30, where ¢ 1s the
standard deviation of the error. The significance of this 30 value is that it
is considered to represent the probable maximum value of the error; this i1s the
error that would be equaled or exceeded in 0.3 percent of the cases or in three
cases in a thousand.

The instrument error is that of a precision altimeter not corrected for
the scale error, which, at this altitude, has a specified tolerance of
230 feet. The value of the fixed static-pressure error is the estimated
residual error that would remain when manual corrections are made using correc-
tion cards. I would like to point out here that, with the best of present-day
computers that apply corrections for both the instrument scale error and the
fixed error, these two values can be reduced to 80 feet for an altitude of

40,000 feet (ref. 3). The variable static-pressure error is an estimated value
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based on rather limited information. The value of the flight technical error
is based on tests in which a tabulation was made of the number and magnitude
of the altitude deviations from the cruise flight level.

In more recent tests by the NASA, the time histories of altitude deviations
were evaluated in terms of the deviation that would be equaled or exceeded for
0.3 percent of the cruise time. Because of the inclusion of the time element,
we believe that this criterion represents a more meaningful measure of collision
exposure than the probability of reaching a given altitude deviation.

On Figure 4, I have shown the NASA data that were obtained for routine
airline operations under autopilot control in the altitude range up to
40,000 feet (ref. 4). The data on the left are for piston and turboprop air-
craft and those on the right are for the turbojets. For the altitude range of
30,000 to 40,000 feet, the maximum value for the 10 Jets was 225 feet. This
means that, for 99.7 percent of their cruise times, all of the Jets operated
within 225, or less, of their cruise flight levels. An importani difference
between the data of this investigation and those of the previous studies from
which the ICAO value was derived is the fact that the distributions of the NASA
data were not normal, but rather were of a type that included altitude devia-
tions as large as 3 to 4 times the maximum value shown here. In addition, these
large deviations occurred at a greater frequency than would be the case if the
data had been normally distributed.

Figure 5 shows how the errors that were glven on Figure 3 are combined by
the vertical separation-loss method used by ICAO and TATA. On this figure, I
have plotted one-half of the normal distributions of the instrument, static-
pressure, and flight technical errors from one side of an assigned altitude.

The 30 values of each of the errors are scaled to an assigned separation of
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1000 feet. When these three errors are combined by the root-mean-square proce-
dure, the overall altimetry error for one aircraft becomes 620 feet, and when
two 620-foot errors are combined by the same procedure, the overall error for
two aircraft becomes 875 feet. This value is considered to represent the loss
in vertical separation that would be equaled or exceeded 3 times in a thousand.
When this 875-foot value is compared to the 1000-foot separation and an allow-
ance of 50 feet 1s made for the size of the aircraft, there remains an actual
separation, or margin of safety, of 75 feet. This analysls says nothing about
the probability of collision; it only states that the actual separation will
be 75 feet or less for a probability of 3 in one thousand.

On Figure 6, I have shown the same 620-foot error for each of two aircraft
with the normal distributions plotted from assigned altitudes 1000 feet apart.
For this arrangement of the normal curves, the probability of collision can be
computed from the probabilities that the errors of the two alrcraft would place
them within each of the 50-foot segments for which the two curves overlap
(ref. 5). For this 30 value of 620 feet, the collision probability, for dis-
placement in a vertical direction, would be 190 per million. This means that,
for every million cases where two alrcraft are along a vertical line with an
assigned separation of 1000 feet, 190 collisions would occur.

Figure T shows how the collision probability varies with overall altimetry
error for an assigned altitude separation of 1000 feet and an aircraft size of
50 feet. TFor an altimetry error of 500 feet, the collision probability is about
10 per million and for an error of 450 feet the probability is reduced to about
1 per million. These values apply only to the vertical separation case so that

the actual probability of collision would presumsbly be much smaller since it
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would include the collision probabilities for lateral and longitudinal separa-
tion. This analysis shows the importance, however, of reducing the overall
altimetry error to a value less than one-half the separation minimum.

On Figure 8, I have examined the possibility of achieving overall altimetry
errors less than 500 feet at an altitude of 40,000 feet on the basis of our
present capability for automatic correction of the instrument and fixed static-
pressure errors and in the light of our present knowledge of the flight tech-
nical error. Here the instrument and the static-pressure errors have been com-
bined as a system error since, for this case, I have assumed the use of a
servo-correction system for correcting both of the errors. The value of the
correction error is 80 feet and the variable error of the static-pressure
system is the same 250-foot wvalue that was estimated by ICAO; the root-mean-
square combination of these errors yields a system error of 262 feet. The
flight technical error is the maximum value (i.e., 225 feet) that was measured
for the Jjet transports in the NASA study. Since this flight technical error
is not normally distributed, it cannot be combined with the system error by the
root-mean-square procedure. For this reason, I have taken the much more con-
servative approach and have added the two errors directly as shown on Figure 8.
Although the resulting value is less than 500 feet, I would like to emphasize
that this result is based on the assumptions that: (1) the variable static-
bressure errors of all aircraft are, in fact, normally distributed with a
30 value of 250 feet, (2) the fixed static-pressure errors of all aircraft
types are determined with an accuracy such that the corrections for these errors
and the instrument errors can be represented by a 30 value of 80 feet, and (3)
the large flight technical errors that were found in the NASA study can be

reduced to values approaching the 225-foot value shown here (ref. 6).
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Figure 9 shows the results of the vertical-separation study that was con-
ducted in 1963 by the airlines over the North Atlantic (ref. 7). On the basis
of this study, IATA concluded that overall altimetry errors less than 500 feet
are being realized with present equipment in the altitude range between 30,000
and 40,000 feet. The system errors in this study were measured with altimeter
systems that were both servo and manually corrected but with the majority of
measurements being obtained from servo-corrected systems. The measured value
of 312 feet would, thus, appear to be in reasonable agreement with the 262-foot
value assumed for a servo-correction system in the analysis of Figure 8. The
flight technical errors, however, were derived from measurements with the air-
craft in steady flight and, for this reason, I would question whether the dis-
tribution of these flight technical errors (from which a 30 value of 190 feet
was deduced) would include the large altitude deviations that were found in the
NASA study.

On the basis of this review, it is apparent that an assessment of a verti-
cal separation standard will depend on the values assigned to the individual
errors, on the procedure used to combine the errors, and on the manner in which
the overall error is considered in reference to the separation standard. From
the standpoint of conservatism, 1t would appear that the system error and the
flight technical error should be combined by simple summation and that the
resulting overall error should be compared to the separatlon standard in terms
of collision probability. Finally, from the standpoint of minimizing collision
risk, the overall errors of all aircraft should be kept to values less than
one-half the separation standard regardless of the probabilities of collision

for lateral and longitudinal separation.




- 7 -
REFERENCES

. Anon.: Summary of the Work of the Vertical Separation Panel. VS P-WP/57,

Int. Civ. Aviation Orgenization (Montreal), Feb. 15, 1961.

Anon.: Altimetry and the Vertical Separation of Aircraft. Int'l. Air
Transport Assoc. (Montreal), Jan. 1960.

Anon.: Computer, Transducer, Altitude, Altitude Encoding, Type CPU-L6 ( )/A.
Military Specification MIL-C-27889/1 (USAF), Sept. 23, 1963. (Supersedes

MIL-C-27889/1, July 20, 1962.)

. Kolnick, Joseph J., and Bentley, Barbara S.: Random Deviations From Stabi-

lized Crulse Altitudes of Commercial Transports at Altitudes Up to 40,000
Feet With Autopilot in Altitude Hold. NASA TN D-1950, 1963.

Gracey, W.: Analysis of the Effect of Altimeter-System Accuracy on Collision
Probability. NASA TN D-1627, 1963.

Gracey, W.: Recent Developmenis in Pressure Altimetry. Presented at the
ATAA First Annual Meeting and Technical Display, Washington, D.C.,
June 29 - July 2, 1964.

Report on Vertical Separation Study - North Atlantic Region - July 15th -
September 30th, 1963. International Air Transp. Assn. DOC.GEN/1951,

March 196k.



‘Spoyjsw juaussasse uoljeredas TBOTQISA -'T 2InITg

VSVN

IVNOILYY3IdO LHOINd e

NOILVYWANS dOdyJe

A11718v804dd NOISITI0) @

SSOT1 NOILVYVYd3S TVOIld3A @




*gI01I8 AIQOWTLTB aangsaxd -*g 2an8Td

VSVN

mommuéo_zonEo_._“_ _
z_h_qjémso
HOMMT WALSAs | HOu¥3 A8Ld

WONIDAL
;)
s t 3SiNdD
37aVINVA ;
HOMY3
JYNSS3Hd DILVLS
(IVNNYW  LHOI4) a3xi4 . &%.mwmmlv
HOMMI
INIWNHLSNI
s

y 3ANLILTV
“TQ3NDISSY




*393F 000‘Of 38 sJIoXIy -°¢ 2INITd

VSVN

HOHY3 ‘XYW 3718v804d = 2¢
NOILVIAIQ QYVANVLS = ©
0¢ 0¢-

006G IVOINHO3L 1HOINS

062 319VIHVA

0§ (NOILO34H0D TWNNVIW) a3XI4
JHNSS34d JI1VLS

0G<¢e (Q31034H0INN) LNIWNYLSNI

14 'S3INTVA = o¢
(S3ILVWILST 0OVOl)




‘gqrodsusrg TTATO 6T JO SJIOLID TwOTUYDSY FUBITA -+ InITd
YSVYN

14 ‘3anLiinv
mo_xov Ge (0] Geé 0¢ Gl Ol G )
I | I 1 | | I |
— 001
¢
—100¢
D\D
, -100¢
S13f 084Nl © 14 .m__>:.._. 3SINYD
Sd0dd 084Nl o % €0 H04
NOlSId o NOILVIAIQ 3aNLiLiv

SYH 3SINYD 8298 'S4 1249
TOHINOD QI0H 3aNLiNv- 1071doLny



*poUASW SSOT UOT}BABASS TEBOTISA ~°G SaInITd

YSVN

SHOHY3 "HO3L L4
AYLINILY TIVH3IN0 ! ! ﬁ ﬁmm. mﬁmﬁ__m
140v 2 [L4OV I A
14
00Ol
o
NOLLYYVd3S WNLOV—3_—37IS 140V |

14 O000b LV SHOHY3 ©¢ -




VSYN

"poysem £3TTTqeqoad UOTSITIOD -*g oanITg

140V Y3ddn
JdOdy3 AHLIWILTIV T11IVH3A0

4
32I1S ._..._044.

140V 43IMOT =
dOHY3 AYLIWILTVY TVH3A0 -

14 0000% 1V SHONYI ©¢ -e-



cquawsoeTdsTp TBOTHISA JIOF A91TTaeq0xd UOTSTITOD -°L 2anITd

VSVN

14 ‘HOoMY3I AYHLIWILTIVY TIVH3AO0

000°|

00§

0]

—

14 06
= 3ZIS 1VIOILY3A L4VyOdIV

14 000°l
= NOILVYVd3S Q3ANOISSV

g-0l X~

OO0l

00¢

Al1118v80dd
NOISIT17102

00¢

0]0)

00S




*POY3SW UOFRBUNMS JOIIF -°*Q SINITA

VSYN

SANTIVA #¢ —@

L4VHOYIVI YIMOT H0HHY3 W3LSAS

(AWIL 3SINYD IN3JOH3d €°0 dO0d) §4u>u4 N
3

SHOMMI TVOINHO3L LHOI4 LHOIT4 .
3SINYD 000l

14VHOHIV d3ddN HOHY3 WILSAS




VSVN

99¢

o6l

ale
14 ‘S3NvA o¢

-poyzeu TeuoTgexado JUSTIF VIVI -6 3IN3TI

AYL13IWILTVY TIVH3A0

AVOINHO3L 1HOIT4

W3LSAS
(L4VHIH IV 1) SHOHYS

SIHO 114 PS8l
14 000‘lr OL 00062
NOI93Y ODILNVILY HL1YON

NASA-Langley, 1965




